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ABSTRACT
We present far-red, intermediate resolution spectroscopy of 572 photometrically selected,
low-mass stars (0.2 < M/M⊙ < 0.7) in the young open cluster NGC 2516, using the
FLAMES spectrograph at the Very Large Telescope. Precise radial velocities confirm mem-
bership for 210 stars that have published rotation periods from spot-modulated light curves
and for another 144 stars in which periodic modulation could not be found. The two sub-
samples are compared and no significant differences are found between their positions in
colour-magnitude diagrams, the distribution of their projected equatorial velocities or their
levels of chromospheric activity. We rule out differing observational sensitivity as an expla-
nation and conclude that otherwise similar objects, with equally high levels of chromospheric
activity, do not exhibit spot-induced light curve modulation because their significant spot cov-
erage is highly axisymmetric. We propose that the spot coverage consists of large numbers of
small, dark spots with diameters of about 2◦. This explains why about half of cluster members
do not exhibit rotationally modulated light curves and why the light curve amplitudes of those
that do have mean values of only 0.01-0.02 mag.
Key words: stars: rotation – stars: magnetic activity; stars: low-mass – clusters and associa-
tions: NGC 2516.
1 INTRODUCTION
Drawing on a solar analogy, intense dynamo-generated magnetic
fields are thought to be responsible for regions of suppressed con-
vective flux and cooler temperatures in late-type stellar photo-
spheres (see Thomas & Weiss 2008 and Strassmeier 2009). Evi-
dence for dark “starspots” and their associated magnetic fields ini-
tially came from rotationally modulated broadband fluxes (Hall
1972, Eaton & Hall 1979 and Vogt 1981), but there is now a
large literature that detects and investigates starspots using direct
and indirect observational techniques – Doppler imaging (Collier-
Cameron & Unruh 1994, Rice, Strassmeier & Linsky 1996, Strass-
meier 2002), measurements of the flux in molecular bands (e.g.
Neff, O’Neal & Saar 1995, O’Neal et al. 2004), spectroscopy of
Zeeman-broadened lines (e.g. Marcy 1982, Gray 1984, Johns-Krull
& Valenti 1996) and tomography using circularly polarized light
(Zeeman Doppler Imaging – Semel 1989, Donati et al. 1997).
The size, filling factor and position of spots as a function of
time and as a function of stellar mass and rotation rate are important
probes of the poorly understood dynamo mechanism, sometimes in
physical circumstances quite unlike the Sun; for example, in stars
that are very fast rotators or are fully convective. Understanding
the properties of starspots is also important because they and their
associated magnetic fields may be responsible for increasing the
radii of low-mass stars and lowering their effective temperatures
(Chabrier, Gallardo & Baraffe 2007, Ribas et al. 2008, Jackson,
Jeffries & Maxted 2009). Starspots complicate the interpretation of
eclipsing binary and transiting planet light curves and compromise
the accuracy with which fundamental stellar and planetary radii can
be determined (Watson & Dhillon 2004, Czesla et al. 2009, Morales
et al. 2010). Photospheric starspots provide a nuisance source of
systematic uncertainty in precision astrometric and radial velocity
measurements, which may limit the detection of low-mass planets
(Makarov et al. 2009, Barnes, Jeffers & Jones 2011).
Starspots are often observed on cool members of young open
clusters, usually as a means of estimating rotation periods via the
rotational modulation of light curves as spots transit the visible
hemisphere (van Leeuwen et al. 1987, Prosser et al. 1993). A re-
view of the literature is provided by Irwin & Bouvier (2009), with
more recent examples including work by Irwin et al. (2009), Hart-
man et al. (2010), James et al. (2010), Delorme et al. (2011) and
Meibom et al. (2011). Many young stars in these clusters are rapid
rotators with vigorous dynamo action, leading to extensive opti-
cal, ultraviolet and X-ray manifestations of the consequent mag-
netic field. Spot-induced modulation is seen with a wide range of
amplitudes from mmag levels up to modulations larger than 0.2
mag (peak-to-peak). Some of this diversity appears related to the
expected connection between dynamo-related phenomena and ro-
tation rate. A strong correlation has been found between modula-
tion amplitudes and increasing rotation rate or decreasing Rossby
number (the dimensionless ratio of rotation period to convective
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turnover time; O’Dell et al. 1995, Messina 2001). Nevertheless,
even at a given rotation rate or Rossby number there is still a wide
range of light curve variability. Sometimes rotational modulation
is seen in a large fraction of studied cluster members. For exam-
ple, Irwin et al. (2008) found rotation periods for about 50 per cent
of members in the young (35 Myr) cluster NGC 2547, and Hart-
man et al. (2010) found rotation periods for 74 per cent of low-
mass Pleiades (age 120 Myr) members. However, in other studies
this fraction can be very much lower. A study of low-mass stars in
Praesepe (age 600 Myr) found rotation periods for only ∼ 10 per
cent of members (Agu¨eros et al. 2011).
Stars where rotation periods cannot be measured may offer
important clues to the dynamo mechanism or the surface distribu-
tion of starspots, and their dependence on mass and rotation rate.
Alternatively, the non-detections may simply be a result of observa-
tional biases in sensitivity and sampling. When using measured ro-
tation periods to investigate angular momentum evolution it is im-
portant to understand whether the observed samples with detected
rotation rates are biased according to their rotation rates. For ex-
ample, slower rotators may have smaller spot-induced light curve
variations that evade detection.
In this paper we take advantage of a homogeneous survey for
rotation periods undertaken in the young (150 Myr) open cluster
NGC 2516 by Irwin et al. (2007, hereafter IHA07). In previous
work (Jackson et al. 2009, Jackson and Jeffries 2010) we presented
spectroscopic observations of the low-mass (0.2 < M/M⊙ < 0.7)
stars in NGC 2516 with detected rotational modulation and period
estimates from IHA07. We measured projected equatorial veloci-
ties and chromospheric activity and showed that these rapidly ro-
tating stars were highly magnetically active and likely to have large
filling factors of dark starspots. Here we extend this study to a large
sample of photometric candidates in NGC 2516 that did not have
measured periods in an effort to understand why some low-mass
stars exhibit rotational light curve modulation and some do not.
Section 2 describes the spectroscopy and determination of ra-
dial velocity (RV), projected equatorial velocity (v sin i) and chro-
mospheric activity. In section 3 the RV data are used to determine a
list of cluster members and measure the proportion of stars with and
without measured rotational periods. In section 4 we compare the
measured properties of these two groups of stars. Finally, in section
5 we discuss what form of spot distribution could give rise to the
observed properties of fast rotating, low-mass stars in NGC 2516
and how this distribution might affect other methods of observing
starspots on young stars.
2 SPECTROSCOPIC OBSERVATIONS OF M-DWARFS IN
OPEN CLUSTER NGC 2516
NGC 2516 is a relatively close and well studied, young open clus-
ter. Recent papers describe membership surveys and characteri-
sation of the cluster mass function (Jeffries, Thurston & Hambly
2001; Sung et al. 2002; Moraux, Bouvier & Clark 2005). The age of
the cluster has been determined as≃150 Myr from the nuclear turn
off in high mass stars and the lithium depletion and X-ray activity
seen in cooler stars (Jeffries, James & Thurston 1998; Lyra et al.
2006). Metallicity is close to solar; determined spectroscopically as
[Fe/H]= 0.01±0.07 and photometrically as [M/H]=−0.05±0.14
(Terndrup et al. 2002). The same authors give an intrinsic distance
modulus of 7.93 ± 0.14 (385 ± 25 pc) based on main sequence
fitting and a cluster reddening of E(B−V ) = 0.12± 0.02. These
values of distance modulus and reddening are used in what follows.
Table 1. Details of observing programme 380.D-0479
Ref No. Date & Centre Seeing No. of with
Run No. start time RA / Dec start/end targets period
287508 27-11-07 118.639 0.78 108 (108) 45 (45)
1 04:57 -60.804 0.79
287510 27-11-07 118.209 0.91 103 (101) 22 (21)
2 05:53 -61.107 0.75
287512 27-11-07 119.102 0.69 112 (110) 44 (43)
3 06:48 -61.108 0.79
repeat 27-11-07 119.102 0.91 112 (0) 44 (0)
4 07:39 -61.108 0.89
287514 02-01-08 120.010 1.15 110 (110) 38 (38)
5 06:25 -61.265 1.03
287516 29-11-07 119.804 1.19 111 (104) 55 (50)
6 06:51 -60.934 1.30
287518 02-01-08 120.594 1.15 102 (102) 41 (41)
7 05.31 -60.790 1.16
287520 30-12-07 120.097 0.94 112 (110) 39 (38)
8 02:40 -60.549 0.85
287522 30-12-07 119.462 1.21 111 (83) 32 (22)
9 01:44 -61.402 1.21
The field centres are in degrees and the seeing in arcsec.
Values in brackets indicate the number of new targets observed per OB.
Previous observations of chromospheric and coronal activity of late
K and M-dwarfs in NGC 2516 are summarised in Jackson and Jef-
fries (2010, hereafter JJ10).
IHA07, surveyed NGC 2516 as part of a larger monitoring
survey of young open clusters (Hodgkin et al. 2006; Aigrain et al.
2007). They identified about 1000 potential cluster members from a
V versus V −I colour magnitude diagram (CMD), selecting targets
with apparent magnitudes in the range 16 < V < 26 that are close
to an empirically defined isochrone. Periods were reported for 362
candidate members in the mass range 0.15–0.7 M⊙.
2.1 Target selection and observations
Targets for our spectroscopic survey were selected from IHA07
with 14 < I < 19. They were observed using the European South-
ern Observatory (ESO) 8.2m aperture Very Large Telescope (UT-2
Kueyen) FLAMES fibre instrument, feeding the Giraffe and UVES
spectrographs. Multiple targets were observed with Giraffe in eight
separate fibre configurations. The allocation of fibres to targets was
biased in the sense that targets with measured periods in IHA07
were placed first and the remaining fibers allocated to candidate
members from IHA07 without measured periods. About 15 fibres
in each configuration were reserved for “blank” sky positions.
The Giraffe spectrograph was used with the HR20A grating,
covering wavelengths 8060-8600A˚ at a resolving power of 16000.
Bright, early type stars in NGC 2516 were selected from the cata-
logue of Dachs and Kabus (1989) for use as telluric standards. Sev-
eral of these stars in each configuration were observed with UVES
at a resolving power of 47000. Details of the eight configurations
are shown in Table 1 and their spatial locations indicated in Fig. 1.
Each configuration was observed with two sequential 1280 s Gi-
raffe exposures and three sequential 800 s UVES exposures. One
configuration was observed twice during the same night. The re-
peated data were useful in assessing measurement uncertainties. A
total of 981 spectra were recorded for 824 unique targets.
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Figure 1. The distribution of targets in NGC 2516 (see Table 1). Circles
define the boundaries of the eight FLAMES fields. Filled circles show target
stars with a spectral signal-to-noise ratio (SNR) > 5, and measured period.
Crosses show targets with a SNR > 5 but no period.
2.2 Radial and projected equatorial velocities
Spectra were optimally extracted and analysed using the pipeline
described in detail by JJ10. RVs and v sin i were determined by
convolving the spectra of targets with those of standard stars over
the wavelength range 8061A˚ to 8530A˚, excluding the chromo-
spherically contaminated Ca II infra-red triplet (Ca II IRT) compo-
nents at 8498A˚ and 8542A˚. Templates of type K4.5V (HD 209100)
and M6V (HD 34055) from the UVES atlas (Bagnulo et al. 2003)
were used, bracketing the range of target spectral types. For spec-
tra with a signal-to-noise ratio per extracted pixel (SNR) >5, there
was usually a clearly defined single peak in the cross correlation
function (CCF) giving an unambiguous value of RV and v sin i.
For spectra with SNR<5, the CCF peak was often distorted by ran-
dom noise and these results were considered unreliable and rejected
from the sample. Spectra with SNR >5 were obtained for 588 stars.
Sixteen of these still showed distorted CCF peaks that did not yield
an RV or v sin i (see Table 2).
Uncertainties in RV and v sin i were determined empirically
by comparing repeated measurements for a subset of targets (see
JJ10 for details). This gave relationships for uncertainties in RV
and CCF width, W , as a function of SNR and v sin i;
σRV =
√
(9.2 + 0.013(v sin i)2)2/SNR2 + 0.312 km s−1 (1)
σW =
√
(8.8 + 0.005(v sin i)2)2/SNR2 + 0.402 kms−1 (2)
The uncertainty in v sin i was determined from W and the
“zero velocity width”, K for each standard (where K = 19.1 ±
0.6 km s−1 for the K4.5 standard and K = 17.7 ± 0.5 km s−1 for
the M6 standard). Taking v sin i ∝ (W −K)1/2 we obtain
σv sin i = v sin i
√
σ2W + σ
2
K/[2(W −K)] km s−1. (3)
2.3 Chromospheric activity indices
The spectra include two of the Ca II IRT lines with rest wavelengths
of 8498 A˚ and 8542 A˚. These lines are known to be effective chro-
Table 2. Categorisation of targets with SNR >5 and unresolved RV. The co-
ordinates and I magnitudes are from IHA07, with I corrected as described
in section 2.4.
RA Dec Apparent SNR Category
(J2000) (J2000) I mag. (see notes)
7 56 54.04 -61 29 59.48 15.08 28 Broad peak
7 58 39.38 -61 33 40.48 17.48 5 Possible binary
7 56 22.44 -61 21 29.30 17.87 5 Low SNR
7 56 28.62 -61 17 11.80 15.00 37 Broad peak (p)
7 57 17.64 -61 15 31.00 17.85 6 Low SNR
7 58 46.35 -61 14 31.95 17.01 6 Low SNR
7 56 19.26 -61 07 37.25 18.35 5 Low SNR
7 56 56.36 -61 00 57.55 14.77 44 Broad peak
8 00 58.89 -61 25 04.30 16.95 12 Probable binary
7 59 55.73 -61 08 08.80 15.76 29 Broad peak
7 59 32.60 -60 59 07.50 15.36 26 Broad peak (p)
8 03 11.28 -60 34 22.24 15.57 22 Broad peak
7 52 05.85 -60 56 55.33 18.28 5 Possible binary
7 53 32.20 -61 07 55.22 15.17 36 Broad peak
7 54 6.64 -60 41 09.90 15.71 27 Probable binary (p)
7 54 23.11 -60 44 34.46 15.65 18 Probable binary
Probable binary- clear double peak in the CCF for high SNR.
Possible binary - apparent double peak in the CCF for low SNR.
Low SNR - distorted peak in the CCF for low SNR.
Broad peak - CCF indicative of a fast rotator.
(p) period reported in IHA07
mospheric activity indicators, with chromospheric emission filling
the underlying absorption lines (Mallik 1994, 1997). The spec-
tral subtraction technique used to measure the equivalent width
of the Ca II IRT lines, follows that of Marsden, Carter and Donati
(2009) and is detailed in JJ10. The conversion between equivalent
width (EW) and activity index, R′Ca, (the ratio of chromospheric
Ca II IRT flux, corrected for any photospheric contribution, to the
bolometric flux), was established using continuum flux densities
and colours tabulated by Pickles (1998).
2.4 Tabulated results
Results for the 572 targets with SNR > 5 and a resolved RV are
given in Tables 3 and 4. In Table 3 the identifier, RA and Dec
and period (when measured) are taken from IHA07. The V and
I magnitudes were based on those given by IHA07, but corrected
to put them onto the better calibrated photometric scale of Jeffries
et al. (2001) using stars common to both papers. The corrections
(added to the IHA07 values) were ∆I = 0.080 − 0.0076 I and
∆(V −I) = 0.300−0.153 (V −I).K magnitudes from the Two-
micron All-Sky Survey (2MASS) survey (Cutri et al. 2003) were
transformed to the CIT system using KCIT = K2MASS + 0.024
(Carpenter 2001). No match to the 2MASS catalogue was found
for 4 targets. RVs are shown relative to the average cluster RV, esti-
mated using the RVs of targets with v sin i <20 km s−1 (see section
3.1). A minimum resolvable value of 8 km s−1 is taken for v sin i.
At this level of broadening the increase in CCF width is≃ 1.3 times
the standard deviation of the “zero rotation” width; hence there is
a≃ 90 percent probability that v sin i is truly non-zero. For targets
with repeated measurements Table 3 shows weighted means of RV
and v sin i with appropriate errors.
Table 4 gives Ca II IRT EWs and activity indices. Also shown
are the first harmonic amplitudes for stars with rotational peri-
ods (from IHA07). The luminosity of the targets (log10 L/L⊙ =
c© 2011 RAS, MNRAS 000, 1–12
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Table 3. Velocity data measured for targets in NGC 2516. The identifier, co-ordinates and rotation period are taken from Table 1 of IHA07. V and I photometry
are also from IHA07, but corrected in the way described in section 2.4.K-band photometry comes from 2MASS, transformed to the CIT system. Relative RV
and v sin i values are given for 572 targets which have a spectral SNR> 5, of which 354 are identified as cluster members. The right hand column indicates
the run number(s) for the observation (see Table 1), an asterisk indicates a non-member. The full table is available on Blackwell Synergy as Supplementary
Material to the on-line version of this paper.
Identifier RA Dec Period V IC KCIT SNR RV v sin i Run
(J2000) (J2000) (d) (mag) (mag) (mag) (km s−1) (km s−1) Nos.
N2516-1-1-1470 7 57 08.92 -61 29 18.6 8.803 17.60 15.45 13.47 26 -0.56±0.47 <8.00 9
N2516-1-1-1667 7 57 16.58 -61 31 38.7 1.347 15.82 14.50 12.72 44 0.16±0.46 21.98±1.91 9
N2516-1-1-1880 7 57 24.78 -61 25 56.6 — 18.92 16.46 14.24 14 -2.82±0.73 <8.00 9 *
Table 4. Chromospheric activity indices and related data for targets in NGC 2516. The identifier, period and light curve amplitudes are from IHA07. Lumi-
nosity, convective turnover time and Rossby number are calculated as described in Section 2.4 (using (M −m)0 = 7.93, AV = 0.37, and AI = 0.20).
EWs and chromospheric activity indices of the first two Ca II IRT lines (8498A˚ and 8542A˚) are given for 572 targets with resolved RV and SNR> 5. Quoted
uncertainties in EW and activity indices do not include possible systematic errors (see JJ10). Masses are estimated from the models of Baraffe et al. (1998)
and the absolute I magnitude. The full table is available on Blackwell Synergy as Supplementary Material to the on-line version of this paper.
Identifier log10 Period sine Turnover log10 EW8498 EW8542 log10 log10 Mass
L/L⊙ (days) amplitude time Rossby (A˚) (A˚) R’Ca8498 R’Ca8542 M⊙
(mag.) (days) No.
N2516-1-1-1470 -1.23 8.803 .016 52 -0.77 0.45±0.02 0.50±0.03 -4.47±.02 -4.42±.02 0.57
N2516-1-1-1667 -0.88 1.347 .010 35 -1.41 0.42±0.01 0.59±0.01 -4.49±.01 -4.34±.01 0.70
N2516-1-1-1880 -1.62 — — 81 — 0.07±0.04 0.01±0.04 -5.27±.03 -6.18±.04 0.43
4.75−MV −BCV ) is calculated using a distance modulus of 7.93
(Terndrup et al. 2002) and bolometric corrections, BCV , interpo-
lated as a function of (V −I)0 using the tables of Kenyon and Hart-
mann (1995). Colours were corrected assuming a uniform redden-
ing of E(B −V ) = 0.12 (Terndrup et al. 2002), ratios of selective
to total extinction AV /E(B− V ) = 3.1, AK/E(V −K) = 0.13
(Rieke & Lebofsky 1985) and E(V − I) = 0.16 (Jeffries et al.
2001). A stellar mass is estimated by interpolating the models of
Baraffe et al. (1998) using the absolute I magnitudes.
Rossby numbers are given for stars with measured rotation
periods, P , calculated as NR = P/τc, where τc is the convective
turnover time. Rossby numbers are widely used to characterise the
combined effects of rotation and spectral type on the activity levels
of F–K stars. Their use for M-dwarfs is less clear since the widely-
used semi-empirical formula of Noyes et al.(1984) giving log τc as
a function of B − V is unconstrained for M-dwarfs. An alternative
approach is followed here where the value of τc is chosen such that
chromospheric and coronal activity indicators satisfy a single scal-
ing law with Rossby number irrespective of stellar mass. Pizzolato
et al. (2003) noted that the mass dependence of a turnover time de-
fined in this way is closely reproduced by assuming τc ∝ L−1/2bol .
Anchoring the turnover time of a solar type star as log τc = 1.1,
this gives the following expression;
logNR = logP − 1.1 + 0.5 log(Lbol/L⊙). (4)
A few of the coolest stars in our sample (spectral type M4
and cooler, I & 18) may be fully convective. The meaning of a
turnover time in these objects is ill-defined. We apply equation 4 to
these stars too, since others have shown that this parameterisation
describes the behaviour of rotation and activity in stars at or just
beyond the fully-convective boundary quite well. They follow the
same relationship between activity and Rossby number as higher
mass stars and their magnetic activity saturates at a similar value of
NR ≃ 0.1 (Kiraga & Stepien 2007; Jeffries et al. 2011).
3 RESULTS
3.1 Membership
Targets were identified as potential cluster members by IHA07
from their position in the V /V − I CMD. We make a further se-
lection based on RV relative to the mean RV of cluster members in
order to establish a more secure membership list. Chromospheric
activity and rotation were not used as indicators of membership
since we wish to study the distributions of these in cluster mem-
bers. Fig. 2 shows an RV histogram; the RVs of stars with mea-
sured periods (shown as filled bars) are tightly bunched within a
few km s−1, indicating that the majority of these are cluster mem-
bers. Stars without measured periods (shown as open bars) show a
clear peak too but a much broader spread, presumably due to the
presence of a proportion of contaminating older field stars.
Cluster members were iteratively defined as those stars with
RV less than 2σe from their mean RV, where σe is the effective
velocity dispersion due to the combined effects of RV uncertain-
ties and the true velocity dispersion of the cluster. The true velocity
dispersion of the cluster was estimated from the standard devia-
tion of relative RV for targets with v sin i < 20 km s−1, clipped
at ±5 km s−1, giving a result of 0.66±0.17 km s−1. Hence, from
equation 1
σe =
√
(9.2 + 0.013(v sin i)2)2/SNR2 + 0.722 km s−1. (5)
Using equation 5 yields 354 probable cluster members, of
which 210 have reported periods (see Fig. 2). A few fast rotating
stars with correspondingly large RV uncertainties were included as
members even though their RVs are some distance from the mean in
absolute terms. These are still very probable members since fast ro-
tators are comparatively rare amongst late-K to mid-M dwarf field
stars (Delfosse et al. 1998). To estimate the maximum number of
background stars falsely classified as members, the average num-
ber of targets in±2σe bins centered at±10 km s−1 from the cluster
mean was counted. This indicates that of stars identified as mem-
c© 2011 RAS, MNRAS 000, 1–12
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Table 5. A summary of target numbers and the fraction of cluster members with rotation periods as a function of I magnitude
Set 1 Set 2 Set 3 Set 4 Set 5 All sets
I magnitude 14.8 to 15.5 15.5 to 16.2 16.2 to 16.8 16.8 to 17.5 17.5 to 18.2 14.8 to 18.2
MI 6.7 to 7.3 7.3 to 8.0 8.0 to 8.7 8.7 to 9.4 9.4 to 10.1 6.7 to 10.1
All targets (a) 80 +(4) 99 +(2) 129 +(0) 116+(1) 87+(2) 511+(9)
Targets with period 38+(1) 59+(0) 59+(0) 46+(0) 25+(0) 227+(1)
Percentage of targets with period (b) 48% 60% 46% 40% 29% 44%
Percentage Monitor survey with period 36% 42% 36% 32% 24% 33%
Targets which are members 50+(2) 60+(1) 81+(0) 73+(1) 67+(1) 331+(5)
Members with period 33+(1) 49+(0) 54+(0) 44+(0) 24+(0) 204+(1)
Members without period 17+(1) 11+(1) 27+(0) 29+(1) 43+(1) 127+(4)
Fraction members with period (c) 0.55 0.69 0.57 0.52 0.30 0.50
Fraction with NR 6 0.1 0.55 0.86 1.00 1.00 1.00 0.89
(a) Number of targets with with SNR >5 where the number in brackets counts targets with unresolved membership.
(b) Percentage calculated neglecting targets with unresolved membership.
(c) Fraction after correction is made for the bias in the number of targets with resolved period in the spectroscopic sample.
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Figure 2. Radial velocity histograms for targets in NGC 2516 (relative to
the mean RV of the cluster). The upper plot shows objects we classify as
cluster members in 0.5km s−1 bins. The lower plot shows targets classified
as non-members. Note that ∼50 percent of non members have RVs outside
the range of this plot.
bers, only 3/210 (1.5 per cent) with measured periods are likely to
be non members whereas about 12/144 (8 per cent) without periods
are possible non-members.
3.2 Numbers of targets with and without measured periods
In the following analysis the sample is restricted to 331 members
with 14.8 6 I 6 18.2 (204 with periods, 127 without), where there
is sufficient target density (per unit magnitude) to make meaningful
comparisons of stars with and without periods. Table 5 shows the
numbers of stars with and without measured periods in five equally
spaced bins in I . Also shown in brackets are the numbers of stars
in each bin with SNR> 5 but unresolved RVs. (see Table 2).
The fraction of stars with measured periods in our sample was
biased by our prior selection of a high proportion of targets with
measured rotation periods. In contrast, the fraction of photometric
candidates from IHA07 with measured periods is unbiased. The ra-
tios of these proportions are used to scale the numbers of non mem-
bers in our sample to obtain an unbiased estimate of the fraction of
NGC 2516 members with measured periods. Whilst the average is
about 50 per cent, this falls significantly for Bin 5 containing cooler
stars. Finally, Table 5 shows the fraction of targets in each bin with
measured periods that also have Rossby numbers 6 0.1. These are
expected to show saturated chromospheric activity (see JJ10). A
significant proportion (45 per cent) of the stars in Bin 1 are unsatu-
rated. These show an average Ca II IRT activity index of about half
the saturated level. For practical purposes all targets in the fainter
(cooler) bins have saturated chromospheric activity levels.
4 THE PROPERTIES OF LOW-MASS STARS WITH AND
WITHOUT MEASURED PERIODS
In this section we examine NGC 2516 members with 6.7 6 MI 6
10.1 for evidence of differences in the photometric, chromospheric
or rotational properties of stars with and without measured periods.
4.1 Colour-magnitude diagrams
Figure 5 shows MV versus (V − I)0 and MI vs (I −K)0 CMDs
for targets in NGC 2516 with measured RV and SNR > 5. Approx-
imate spectral types are indicated using colour to spectral type re-
lations from Kenyon and Hartmann (1995). Cluster members with
and without measured periods and RV non-members are indicated
separately. Also shown are trend lines representing a third order
polynomial fit to all cluster members together with 1σ standard de-
viations and polynomials representing colour-magnitude relations
for nearby field stars. The latter are fits to field star data from the
on-line database of Reid (2002). Both plots show offsets between
NGC 2516 members and the trend line for field stars. This is not
surprising since the field stars are an older population with inhomo-
geneous metallicity. Of more interest are the very small differences
in the offsets for stars with and without measured periods.
Stars with 6.7 < MI < 10.1 and measured periods have an
offset of −0.012 ± 0.005 mag in (V − I)0 relative to the mean
trend line, whereas stars without measured periods have an offset
of 0.009 ± 0.009 mag. In the MI versus (I − K)0 CMD stars
with measured period have an offset of −0.006 ± 0.008 mag in
(I−K)0, whereas stars without measured periods have an offset of
−0.007±0.014 mag. Given that some small systematic differences
between the two groups are expected, for example in the expected
level of field star contamination in the two groups, these results do
not indicate any difference in colour between the two groups. By
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Figure 3. MV versus (V − I)0 and MI vs (I − K)0 colour magnitude diagrams for targets in NGC 2516 with SNR> 5 (using
(M − m)0 = 7.93, AV = 0.37, AI = 0.20 and AK = 0.04). Circles and crosses indicate targets confirmed as members (with
and without periods). Dots are non-members (assuming the same distance modulus and reddening). Also shown are: (a) a trend line to
all cluster members together with 1σ standard deviations; (b) a polynomial representing the mean absolute magnitude of nearby field
stars as a function of colour (see section 4.1).
inference, there is little or no difference in effective temperature as
a function of luminosity between stars with and without measured
periods whereas one would be expected if they had differing levels
of starspot coverage (Jackson et al. 2009).
4.2 Chromospheric activity
Figure 4 shows the Ca II IRT activity indices for members of
NGC 2516 with and without measured periods as a function of ab-
solute I . Ca II IRT activity was compared between the two data sets
by selecting cluster members with 6.7< MI <10.1 and Ca II IRT
activity index > 10−5 and measuring the offset of the measured
Ca II IRT activity index from a linear regression line as a func-
tion of I for the whole dataset (see Fig. 4). The mean offsets, -
0.010±0.008 dex for targets with periods and 0.018±0.012 dex for
members without periods, indicate no resolvable difference in their
mean levels of chromospheric activity.
4.3 Equatorial velocity
The distribution of v sin i for M-dwarfs in NGC 2516 is similar to
that seen in other clusters of similar age (e.g. the Pleiades; Queloz
et al. 1998, Terndrup et al. 2000). There is a wide range of rota-
tion rates, with significant populations of more slowly rotating stars
(v sin i unresolved), a central band where the number density falls
with increasing v sin i with a scale length of about 30 km s−1 and
a tail of fast rotators with 50 < v sin i < 150 km s−1.
The top left plot of Fig. 5 shows cumulative probability distri-
butions of v sin i for stars with v sin i > 8 km s−1, with and with-
out measured periods. The distributions appear similar although
targets with measured periods have an excess tail of fast rotators.
A 2-sided Kolmogorov-Smirnov test yields a 75% probability that
the individual distributions are consistent with being drawn from an
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Figure 4. Summed chromospheric activity indices for the first two lines of
the Ca II IRT versus absolute I for members of NGC 2516 with spectral
SNR >5 and a mean activity index > 10−5. Also shown is a regression
line for all members with 6.7< MI <10.1.
identical distribution. The fractions of stars with v sin i < 8 km s−1
(51/204 versus 26/127) are also indistinguishable.
Fig. 5 provides more detailed comparisons of the v sin i distri-
butions for members with and without periods as a function of ab-
solute I . The four bins containing higher mass stars have between
a 29 and >99 per cent probability that the individual distributions
are consistent with being drawn from the same parent distribution.
However, in Bin 5 the proportion of stars with measured periods
is reduced and the median v sin i is 7 km s−1 higher for stars with
measured periods than for those without periods. This could sig-
nify fundamental differences in the velocity distributions of cooler
stars with and without the spotted photospheres required to mod-
ulate light curves, but equally it could reflect an anticipated mea-
surement bias because it becomes increasingly difficult to measure
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Figure 5. A comparison of the cumulative distribution of v sin i for members of NGC 2516 with and without measured periods. The
solid line shows stars with periods the dashed line shows those without. The top left plot compares all targets with v sin i > 8 km s−1.
The remaining plots compare distributions in 5 equal bins of I magnitude (see Table 5). Probabilities that data sets are consistent with
being drawn from a common distribution are shown above each plot.
longer periods for fainter stars, due to their larger photometric un-
certainties (see Fig. 5 of IHA07).
4.4 A hypothesis based on the distribution of starspots
If there are no significant differences in the colours, magnetic activ-
ity and (for all but the faintest stars) no difference in rotation speed
for stars with and without measured periods, then what is causing
the apparent difference in their light curves? An obvious possibility
is that there is some difference in observational sensitivity between
the two groups. Fig. 6 shows the expected light curve amplitude un-
certainty as a function of I . The majority of targets were observed
270 to 320 times. Stars with and without measured periods show
similar levels of uncertainty. Thus accuracy of the observations is
not a discriminating factor between the two groups. Seven stars
were observed less than 270 times and show anomalously high un-
certainties (see Table 6). None have measured periods, but 6 of the
7 are bright stars where only a small number of points were lost due
to saturation. For these stars, although the uncertainty is increased
above the norm, it could still be low enough to detect significant
light curve modulation. One target (N2516-3-5-3994) was at the
extreme edge of a detector and was rarely sampled. For simplicity
we decided to retain all these stars in our analysis. As a check, the
comparisons of colour, chromospheric activity and the distribution
of v sin i for stars with and without measured periods were repeated
without these 7 stars. The results were unchanged.
A second possible cause of observational bias is contamina-
tion of light curves by adjacent stars. This was checked by com-
paring the frequency with which a deblending algorithm was trig-
gered during the photometric analysis. The criterion for this was
that isophotes of any adjacent stars (averaged over 20 images) over-
lapped beyond a detection threshold of 3 sigma above sky (Irwin
1985). The algorithm was triggered for 22 per cent of stars with
measured periods compared to 28 per cent of stars without periods.
This difference is less than the Poisson uncertainty for samples of
204 and 127 stars, so this appears not to be a significant factor pre-
venting detection of periods in one group.
Having ruled out observational bias we can consider the phys-
ical properties of stars in the two groups. Stars with measured
periods could show increased levels of spot coverage due to in-
creased levels of magnetic activity. The evidence is against this
since the two groups have indistinguishable levels of chromo-
spheric (Ca II IRT) activity and are not displaced with respect to
each other in CMDs. The similar distributions of v sin i also sug-
gest similar levels of magnetic activity. It is possible that there is no
relationship between levels of chromospheric activity and spot cov-
erage, in which case the similarity of chromospheric activity lev-
els has little significance, but in our view this is unlikely. The flux
of equipartion magnetic field in M-dwarfs appears correlated with
both rotation and magnetic activity assessed with chromospheric
and coronal indicators (Reiners, Basri & Browning 2009).
A second possibility is that stars without measured periods
are slower rotators and their rotational periods are too long to have
been measured by IHA07. This cannot be true since 80 per cent of
members without periods have v sin i > 8 km s−1 . There could be
a difference in the period distribution of the slower rotators (with
v sin i < 8 km s−1). However even this is not feasible since the
Monitor Survey of NGC 2516 claimed completeness > 75 per cent
for periods 6 20 days. Empirical activity-rotation relationships
show that saturated levels of magnetic activity in early- and mid-
M dwarfs occur for rotation periods shorter than 8–15 days and
decrease rapidly for longer periods (e.g. Kiraga & Stepien 2007;
Jeffries et al. 2011). Hence, if there were a much higher proportion
of long period stars (> 20 days) in the group without periods this
would be indicated by reduced chromospheric activity levels.
A third possibility is that stochastic variations associated with
flaring activity might mask starspot modulation. This seems un-
likely because the rms variation in the light curves of those stars
without detected periods is significantly lower on average than
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Figure 6. Predicted uncertainty in light curve amplitude as a function of I
(6.7 < MI < 10.1) for members of NGC 2516 with and without periods.
Circles and crosses show results for cluster members with > 270 photo-
metric points defining their light curves. Squares show targets with lower
numbers of points in their light curves.
those in which modulation was detected (see Table 7). That is, the
light curves of stars without detected periods are flatter, not noisier.
A final possibility is that the stars without measured periods
are predominantly viewed at low inclination angles, reducing their
light curve amplitudes. There are two arguments against this hy-
pothesis.
(i) The inclination below which spot modulation becomes un-
detectable would have to be unreasonably high. In a simple model
where half of stars show no modulation because of their inclination,
the critical angle would be i ≃ 60◦. Because the number density
of objects with inclination i varies as sin i, most stars with unde-
tected periods would have 40◦ < i < 60◦ but it seems unlikely
this would be low enough to prevent spot modulation. There are
many examples in the literature where spot modulation is seen in
stars with i < 60◦ (e.g LO Peg with i = 50◦, Jeffries et al. 1994;
HR 1099 with i = 38◦, Lanza et al. 2006; PW And with i = 46◦,
Strassmeier and Rice 2006).
(ii) A systematically lower inclination would lead to very differ-
ent v sin i distributions in stars with and without periods. Making
the reasonable assumption that rotational period and inclination are
unrelated, then for a critical angle of 60◦ the ratio of the mean value
of v sin i for stars without periods to those with periods would be,
∫ pi/3
0
sin2 i di/
∫ pi/2
pi/3
sin2 i di = 0.64 (6)
The similar v sin i distributions in Fig. 5 suggest this is not the
case. To test the significance of this consider the v sin i distribu-
tion of the 204 stars with measured periods, where 50 per cent
have v sin i >18.9 km s−1. If the average sin i were reduced by
a factor 0.64, then for the same velocity distribution only 27 per
cent of stars would have v sin i above this value. Hence among
the 127 stars without periods, we would expect only 34 to have
v sin i >18.9 km s−1, compared with the 77 observed. This dis-
crepancy means that the possibility that the difference between stars
with and without measured periods is determined solely by their in-
clination can be rejected with> 99.9 percent confidence according
to a two-tailed chi-squared test.
Table 6. Targets with less likelihood of measuring a rotation period because
there were fewer photometric points in their light curves. None of these
targets have measured periods.
Name MI vsin i (km s−1) Count
N2516-1-3-1740 6.68 – 234
N2516-1-8-3126 6.73 13.1 155
N2516-3-5-3341 6.79 – 211
N2516-1-4-470 6.85 – 141
N2516-1-4-401 7.03 23.0 181
N2516-1-4-673 7.24 – 244
N2516-3-5-3994 7.60 27.7 38
0
10
20
30
40
50
60
2.5 7.5 12.5 17.5 22.5 27.5 32.5 37.5 42.5 47.5
1st Harmonic amplitude (milli-mag.)
Nu
m
be
r 
pe
r 
bi
n
.
 Members in range 
6.66 < MI < 10.06
with measured  period.
Mean amp. 0.016 mag.    
.7 < I < 10.1  
Figure 7. Histogram of light curve modulation amplitudes for targets with
resolved periods and identified as members of NGC 2516.
Rejection of all these possibilities favours hypotheses that do
not require any fundamental difference between the two groups of
stars. If stars with and without measured periods have similar dis-
tributions of rotation rate, and similar levels magnetic activity and
spot coverage then the principle difference between stars with and
without measured periods must be a chance combination of:
(i) the distribution of spots on the stellar surface which affects
the “true” light curve amplitude. This could be a random effect of
starspot placement or a systematic effect where, for example, stars
with measured periods have a higher proportion of equatorial spots.
(ii) the effects of inclination and photometric uncertainties mod-
ulating the “true” light curve and producing the measured light
curve from which a period is or is not measured.
4.5 The distribution of light curve modulation amplitudes
The method used by IHA07 to detect periodic modulation and de-
termine the periods and amplitudes was described in detail by Irwin
et al. (2006). Sine curves were fitted to data over a grid of frequen-
cies. Periodic light curves were selected on the basis of a reduced
χ2 test, followed by visual inspection of the folded light curve. For
stars with resolved periods IHA07 reported the first harmonic am-
plitude of the best fitting sine wave. Results for our list of target
stars are reproduced in Table 4. Fig. 7 shows a histogram of light
curve amplitudes for the members of NGC 2516 with measured pe-
riods. The most striking feature is how small the amplitudes are; the
mean is 0.016 mag. and all are below 0.05 mag.
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Figure 8. Probability density of light curve modulation amplitudes for
members of NGC 2516 split according to their absolute I magnitudes. The
neasured frequencies are normalised according to the total number of tar-
gets in each set (see Table 5) such that the probability density summed over
all amplitudes gives the fraction of targets in a set with measured period.
Using the fraction of stars with measured periods from Ta-
ble 5, the light curve amplitude data are presented in Fig. 8 as
probability distributions for the same five I magnitude bins con-
sidered in previous sections. The properties of these distributions
are summarised in Table 7. Summing the probability densities for
each dataset gives the total probability of measuring a period in
each bin. The distribution functions for each bin are similar, rising
with harmonic amplitude before decaying to zero for amplitudes
> 0.05 mag. The peak in probability density shifts to higher am-
plitudes for the fainter stars of bins 4 and 5. This could be a real
effect or, more likely, reflects the increasing difficulty in resolving
periodicity for fainter stars, as photometric uncertainties become
comparable with light curve amplitudes.
5 DISCUSSION
A previous analysis of a subset of these data used v sin i and rota-
tional period to estimate projected radii (R sin i) for 210 fast rotat-
ing members of NGC 2516 and determine mean stellar radii (Jack-
son et al. 2009). Stars with MI > 7.3 have measured radii much
higher than expected from evolutionary models and much higher
than inactive field stars of similar luminosity. The larger radii and
cooler effective temperatures are consistent with up to∼50 percent
of the stellar surface being covered by dark starspots (see Fig. 3 of
Jackson et al. 2009). Despite this large starspot coverage these stars
show only low levels of variation in luminosity with rotation (see
Table 7 and Fig. 8), indicating that only a small fraction of the dark-
ened surface is modulating the light curve. In quantitative terms, a
single dark spot covering 1 per cent of the star’s total surface is suf-
ficient to cause the typical light curve amplitudes of 0.02 mag. This
suggests as little as∼ 2 per cent of the darkened area is responsible
for the light curve amplitude.
A possible explanation could be that spots are concentrated at
uneclipsed polar latitudes. This effect would have to be extreme;
up to 98 per cent of the darkened surface would need to be in ax-
isymmetric spots or permanently visible (or invisible) at the poles.
Young et al. (1990) proposed high latitude activity to explain the
light curves of a nearby, rapidly rotating M0 dwarf, HK Aqr. How-
ever, more recent Doppler imaging measurements of this and a sec-
ond rapidly rotating M1.5 dwarf (EY Dra) by Barnes & Collier
Cameron (2001) showed no evidence for polar spots. The majority
of spots appeared at low latitudes on HK Aqr. EY Dra showed spots
at all latitudes. Evidence for spot concentration, polar or equatorial,
remains sparse for late K and early M-dwarfs with few measured
in any detail (e.g. Barnes et al. 2005). There is no evidence of polar
spots extending down to the latitudes of 30◦ that would be required
to cover 50 per cent of the stellar surface.
An alternative explanation is that a large number of small
starspots are randomly distributed over the stellar surface. As the
star rotates the light curve would correspond to the average lumi-
nosity of many small areas of varying luminosity. If these areas are
sufficiently small then the variation in the stellar luminosity would
be a small fraction of the change in luminosity from the immacu-
late surface to the starspot. For example, consider a star with 50 per
cent surface coverage by 5000 randomly placed dark starspots of
order 2◦ in diameter. At any time 2500 spots would be visible to
the observer and the variation of luminosity with rotation would be
of the order 1/
√
2500 – about ∼0.02 mag as found in our sample
(see Table 7).
The same hyothesis also explains why some stars have mea-
sured periods and some do not. There is no difference between the
two groups of stars it is simply a matter of chance. In some cases
the variations in luminosity over a cycle contain a distinct first har-
monic component producing a measured period. In other cases the
first harmonic component is so low it cannot be resolved from the
background of higher order harmonics in the light curve.
The random spot distribution hypothesis need not be the sole
explanation for low light curve amplitudes. There could effectively
be two starspot distributions, one axisymmetric/polar and one ran-
domly distributed over the stellar surface. Both distributions would
reduce Teff and increase the radius of active stars (at a given lu-
minosity) but only the randomly distributed spots could contribute
to the measured light curve modulation. However any axisymmet-
ric/polar component would have to be very large to significantly
change the starspot size required to produce the measured light
curve amplitudes, since this only varies as the square root of fill-
ing factor. If half the spot coverage were permanently axisymmet-
ric, this would only increase the estimated size for the randomly
distributed spots from ∼ 2◦ to ∼ 3◦. A further possibility is the
presence of bright plages contributing an additional source of varia-
tion in surface luminosity. However, it is reasonable to suppose that
were plages present in significant numbers then their scale length
would also need to be comparable to that of the dark starspots, oth-
erwise they would increase the light curve amplitudes.
Our simplified calculation neglects the important effects of
inclination, limb darkening and how random intensity variations
combine to produce a measurable light curve amplitude. As such
it probably overestimates the number of spots and underestimates
their size. Even so it serves to demonstrate that the observed high
spot filling factor (up to∼50 per cent) and low levels of light curve
amplitudes (∼ 0.02 mag) of fast rotating M-dwarfs in NGC 2516
are consistent with their surface being covered by a large number
of randomly distributed starspots of order 2◦ in diameter.
Small starspots can also explain why the total magnetic flux
derived from Stokes V measurements of active M-dwarfs is only 6–
15 per cent of the total magnetic flux implied by Stokes I measure-
ments, indicating that the magnetic flux on M-dwarfs is stored in
small scale components (Reiners & Basri 2009). The Stokes I com-
ponent is found from Zeeman broadening of magnetically sensitive
lines produced by magnetic field along the line of sight, irrespective
of polarity (Johns-Krull and Valentini 1996). As such, it is sensitive
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Table 7. Average characteristics of the I band light curves of low-mass members of NGC 2516 as a function of absolute I magnitude
MI 6.7 to 7.3 7.3 to 8.0 8.0 to 8.7 8.7 to 9.4 9.38 to 10.06 6.66 to 10.06
Light curve rms for members with period (mag) 0.010 0.008 0.008 0.012 0.015 0.010
Light curve rms for members without period (mag) 0.007 0.003 0.005 0.008 0.006 0.008
Mean first harmonic of light curve (mag o-p) (a) 0.017 0.014 0.012 0.020 0.024 0.016
Maximum light curve amplitude (mag o-p) (a) 0.049 0.030 0.041 0.045 0.049 0.049
(a) Stars with measured periods
to the average magnetic field and total filling factor of starspots, but
gives no indication of their scale length or distribution. Conversely,
the circularly polarized component of magnetic field, the Stokes V
component, detects total field along the line of sight taking account
of its polarity. Periodic modulation of the Zeeman signature due to
variations in projected velocity with time are used to determine the
surface distribution of magnetic field, or more precisely, to estimate
the magnetic field distribution in terms of the spherical harmonics
of poloidal and toroidal fields that best match the data (Donati et al.
2006). The surface detail that can be resolved depends on the limit
of the spherical harmonic expansion. The resolution increases with
the rotational speed of the star but is typically 8 terms for moder-
ate rotators, limiting resolution to magnetic features of size > 7◦
(180/8pi). Morin et al. (2008) suggest a higher resolution is possi-
ble (70 elements around the equatorial ring) but used the same limit
of 8 spherical harmonics for their measurements of mid-M dwarfs.
If a significant proportion of the surface of active M-dwarfs is
covered by starspots of scale length∼ 2◦, then these will contribute
strongly to the total Stokes I signature but will not be resolved by
Zeeman Doppler imaging and will not contribute significantly to
the Stokes V component, although there would be some small sig-
nature at high filling factors whenever random groupings of small
starspots form larger features on the stellar surface. This explana-
tion depends critically on the actual scale length of starspots be-
ing significantly less than the current angular resolution of Zeeman
Doppler imaging.
SUMMARY
In this paper we have presented intermediate resolution spectro-
scopic observations for two large samples of low-mass stars in the
young cluster NGC 2516. The two samples are distinguished by
whether previous photometric observations were able to discern
significant rotational modulation in their I-band light curves. Clus-
ter membership has been confirmed using a common radial veloc-
ity criterion and after correcting for target selection biases, we find
that approximately 50 per cent of low-mass NGC 2516 members
fall into each category.
The projected equatorial velocities, positions in colour-
magnitude diagrams and levels of chromospheric activity for the
two samples have been compared and show no significant differ-
ences. The vast majority of our sample show very high levels of
magnetic activity and fast rotation rates, whether they have mea-
sured rotation periods or not. Neither are there any differences in
observation cadence or sensitivity that would explain why a large
fraction of stars do not show spot-modulated light curves. Expla-
nations involving differences in magnetic activity, rotation rate or
spin-axis inclination are ruled out and we argue that the overall
spot coverage is likely to be similar in both sets of stars. Instead
we propose that the lack of spot modulation in many stars and the
low amplitude (0.01-0.02 mag) modulation seen even in those stars
which do have measured periods, can be explained if the spot cov-
erage consists of large numbers of randomly placed spots of di-
ameter ∼ 2◦. Such spots would be impossible to resolve using cur-
rent Doppler imaging and Zeeman Doppler imaging techniques and
may explain why only a small fraction of magnetic flux is detected
in the large scale structures probed by Stokes V measurements.
The next step in testing this hypothesis will be to develop a
quantitative model examining spot coverage as a function of mass
or spectral-type and attempt to simultaneously explain the detailed
distribution of light curve modulation amplitudes and the fraction
of stars with and without measured rotational modulation.
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